Considerable evidence has now been accumulated for the interconversion of glycine and serine in the aniimal body and in micro-organisms. Following the discovery by Shemin (1946) of the conversion of isotopically labelled serine into glycine in rats and guinea pigs, the reverse process, that is, the biosynthesis of serine from labelled glycine was also found to occur in the intact animal (Sakami, 1948 (Sakami, , 1949 . Incorporation of labelled glycine into serine has been observed in rat-liver slices and homogenates (Siekevitz, Winnick & Greenberg, 1949) , and serine synthesis from glycine and [14C]formate or [14C]_ formaldehyde has been studied in soluble liver extracts (Deodhar & Sakami, 1953; Berg, 1953) . Serine degradation to glycine and formaldehyde has been demonstrated in liver slices, extracts and homogenates (Vilenkina, 1952) .
Synthesis of serine from glycine and formate by washed cells of Streptococcus faecali8 R has been shown to require pteroylglutamic acid (PGA) in catalytic amounts (Lascelles & Woods, 1950) , and there is also some evidence for the participation of PGA or a derivative in serine-glycine interconversion in mammalian tissues. Thus in folic aciddeficient rats less isotope from administered H14COOH is fixed into serine of body proteins than in normal animals, but the rate of incorporation of 14C into C-3 of serine becomes normal when the animals are fed PGA (Plaut, Betheil & Lardy, 1950) . Elwyn & Sprinson (1950) have shown that [15N]-serine is utilized less efficiently for hippuric acid synthesis in folic acid-deficient animals, and it was calculated that in folic acid deficiency the conversion of serine into glycine was reduced to one-sixth the normal rate. The addition of PGA or related compounds to tissue preparations has been shown to cause an increase in serine synthesis from formate (Kelley, 1951) and in serine breakdown to glycine and formaldehyde (Vilenkina, 1952) . Recently, Rauen & Jaenicke (1953) have briefly reported evidence for serine synthesis from N10-formylPGA (II) and glycine in tissue homogenates and extracts. In the present investigation soluble enzyme preparations catalysing serine synthesis and break-* Australian National University Scholar. Present address: John Curtin School ofMedical Research, Australian National University, Canberra, A.C.T., Australia.
down (Blakley, 1954) have been used to study the role in these processes of PGA, its derivatives and some other cofactors.
Another aspect of serine synthesis which has received attention in this work is the chemical identity of the immediate precursor of C-3 of serine. Labelled formate is incorporated into this position of the serine molecule by intact animals (Sakami, 1948) , liver slices and liver extracts (Deodhar & Sakami, 1953) , but Kruh0ffer (1951) has reported that in rat liver slices labelled glycine is incorporated into serine much more efficiently than labelled formate, and that in liver homogenates formate is not incorporated into serine even when incorporation of glycine into serine occurs. Furthermore, Siegel & Lafaye (1950) found that in rat-liver homogenates isotopic formaldehyde is much more rapidly incorporated into serine and into the methyl group of methionine than is formate or methanol. Evidence has been obtained in the present investigation for the view, consistent with these observations, that formaldehyde is an important precursor of serine C-3.
EXPERIMENTAL
Materials The following commercial preparations were used: PGA (Roche Products, Ltd., Welwyn Garden City, Hertfordshire); cobalamin (Glaxo Laboratories, Greenford, Middlesex); pyridoxal phosphate (gift from Roche Products, Ltd.); glycine, L-ascorbic acid (British Drug Houses Ltd., London); aminotrishydroxymethylmethane (THAM), adenosine diphosphate, adenosine 5-phosphate (Light and Co., Colnbrook, Buckinghamshire); leucovorin (5-formyl-5:6:7:8-tetrahydroPGA), 4-amino-4-deoxyPGA (aminopterin), teropterin (sodium pteroyltriglutamate) (gifts from Lederle Laboratories Division,American Cyanamid Co., NewYork).
Adeno8ine tripho8phate. Chromatographically pure adenosinetriphosphate (ATP) was prepared byfractionation of a commercial product (Boots Pure Drug Co. Ltd., Nottingham) on ion-exchange resin.
DL-Hommocy8teine. This was prepared by reduction of DLhomocystine (Riegel & du Vigneaud, 1935) . D-and L-8erine . These were prepared by resolution of DL-serine (British Drug Houses, Ltd.) by the method of Fischer & Jacobs (1906) . N10-FormylPGA (II). PGA was formylated by refluxing with 98 % (w/v) formic acid and acetic anhydride (Gordon, Ravel, Eakin & Shive, 1948) .
TetrahydroPGA and NlO-formyltetrahydroPGA were prepared by catalytic hydrogenation of PGA and N10-formylPGA respectively in aqueous solution (O'Dell, Vandenbelt, Bloom & Pfiffner, 1947) . When the theoretical amount of hydrogen had been consumed the identity of the products was checked by determination of their ultraviolet absorption spectra and extinction coefficients (Pohland, Flynn, Jones & Shive, 1951) . LabeUed compound8. [2-14C] Glycine was obtained from the Radiochemical Centre, Amersham, and diluted with non-isotopic glycine. The diluted material contained 2-68 x 10-2 zc/mg. [2-14C]L-Serine was produced enzymically from L-serine and [2-14C]glycine (conditions as in Table 1 with the complete system) and isolated by chromatography on Zeokarb 225 and crystallization of the p-hydroxyazobenzene-p'-sulphonate. The bulk of the sulphonic acid was subsequently removed from the serine salt by crystallizing out the sodium salt. Final purification of the serine was achieved by treatment with charcoal and crystallization from water-ethanol. The pure product contained 7-23 x 10-3,c/mg. [14C] Formaldehyde was prepared by catalytic oxidation of [14C]methanol (Arnstein, 1951 N.W. 10) was mixed with 5 times its weight of water, the mixture boiled for 1 min. and centrifuged; the supernatant was used without further treatment.
Enzyme preparation. Adult pigeons were decapitated, bled and the livers quickly removed, washed, blotted dry, and frozen. Subsequent steps were performed in a cold room (5°). After the frozen livers had been dispersed in pure chilled acetone in a Waring Blendor, the solid material was filtered off, washed with cold acetone, and the bulk of the acetone quickly removed on the filter and then in an evacuated desiccator. The last traces of acetone were removed at less than 1 mm. pressure and room temperature. The powder was extracted by homogenizing with 10 vol. THAM buffer, pH 7-7 (0-01 M) at 5°. After standing 30 min. at 50, the homogenate was centrifuged to remove the bulk of the insoluble material and the supernatant dialysed 16-48 hr. at 50 against 20 vol. THAM buffer, pH 7*7 (001M). In some cases the dialysed extract was prepared for use by centrifuging at 100 000g for 30 min. to remove suspended particles. Otherwise the dialysed preparation was first held at 530 for 20 min. before chilling and centrifuging. Waterclear supernatants were obtained in all cases.
Isolation of serine. In experiments on net serine synthesis from [2-14C]glycine and formaldehyde a solution of 250,umoles of L-serine was added at the end of the incubation period, and mixed with the contents before deproteinizing with 1 ml. of 30 % (w/v) trichloroacetic acid. After incubation of [2-14C] glycine with L-serine the reaction mixture (5 ml.) was directly deproteinized with trichloroacetic acid (1 ml. of 30 %). In either case the ppt. was centrifuged off in the reaction tube. The supernatant was transferred to a column of Zeokarb 225 resin (200-400 mesh, H+ form; 35 cm. x 2 5 cm. diameter) and elution with 1-5N-HC1 was 29 begun. The eluate was collected in 10 ml. fractions, serine appearing in about tubes 12-20 and glycine in about tubes 24-30. The fractions of the eluate containing serine were free from glycine. They were combined, evaporated to dryness under reduced pressure, and the residuie dissolved in 3 ml. of water. Solid p-hydroxyazobenzene-p'-sulphonic acid was added and dissolved by warming until a very slight excess was present as judged by the persistence of the deep red colour of the reagent and the greatly increased difficulty in dissolving more reagent. The serinep-hydroxyazobenzenep'-sulphonate which crystallized out on cooling to 0°was filtered off with gentle suction on to a filter paper in a perforated Perspex disk (1.2 cm.2) clamped in a special holder (Popjak, 1950) . After washing with 2 ml. ice-cold water, the disk was removed from the holder and blotted dry. The crystals were dried in the disk over P205 in vacuo and their radioactivity was determined.
Isolation of glycine. Unlabelled carrier glycine was added to each tube at the end of the incubation period to bring the total amount of unlabelled glycine added to 14-5 mg./tube. The contents of the tubes were mixed and deproteinized with tungstic acid (0-28 ml. 0-6N-H2SO4 followed by 0-20 ml. 10% (w/v) sodium tungstate). The supernatant (about 2-5 ml. containing about 15 mg. glycine) was transferred to a 100 ml. flask in which it was shaken with 10 ml. water, 10 ml. of a 10% (w/v) solution of 1-fluoro-2:4-dinitrobenzene in methanol and 0 3 g. NaHCO3 for 4 hr. at room temp. Isolation of N-2:4-dinitrophenylglycine (DNPglycine) was then achieved by the method of Campbell & Work (1952) , and the isolated material crystallized from ethyl acetate-cydohexane, dried and packed into a 1 cm.2 Polythene disk for counting.
Degradation ofserine. This was performed according to the method of Sakami (1950) with the exception that formaldehyde formed by periodate oxidation of serine was distilled off, converted into its dimedone derivative, and the latter filtered directly into a polythene disk, dried (1000, 30 min.) and its radioactivity determined. After crystallization from ethanol-water, samples were recounted.
Formaldehyde. This was determined by the method of Nash (1953) Bioch. 1954, 58 VoI. 58
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In some cases duplicate samples of serine were combined, degraded, and the radioactivity of the degradation products determined.
It was found that while 14C is readily incorporated into position 2 of serine under these conditions, labelling of position 3 by homogenates is small and is negligible when extracts are used (Table 1) .
The principal source of C-3 of the [2-14C]serine formed in these experiments was shown to be the L-serine added as carrier and present during the incubation. Thus, when carrier L-serine was added at the end of the incubation immediately before deproteinization, or when D-serine was added instead of L-serine to the incubation mixture, the serine subsequently isolated was only slightly radioactive ( Table 2 ). Breakdown of 8erine to glycine and formaldehyde Liver extracts supplemented with PGA or certain of its derivatives converted serine into formaldehyde and glycine, which was isolated by chromatographic separation of its DNP-derivative. The extent ofthe transformation was determined by using L-[2-14C]serine, adding unlabelled carrier glycine to the reaction mixture immediately before deproteinization, and measuring the radioactivity of the DNP-glycine subsequently isolated. Formaldehyde was determined in samples of the deproteinized reaction mixture. The results ofsuch experiments, shown in Table 3 , indicate that the breakdown of serine to glycine is rapid, up to 10 ,umoles of glycine being formed per ml. of reaction mixture during the incubation period of 6 hr. Although yeast extract and ascorbic acid were added to the reaction mixture in the experiments of Table 3 , they were subsequently found unnecessary (Table 8 ). The inclusion of unlabelled glycine (0-01 M) in the solution during the incubation caused an approximately 50% increase in serine breakdown. The results on the conversion of serine into glycine of Expt. 3, Table 10 , were confirmed by paper chromatography of portions of the incubated reaction solution removed immediately before addition of carrier glycine.
As seen in Incubations performed at 370 in evacuated Thunberg tubes each containing 0-02M L-[2-14C]serine (7.23 x 10-38pc/mg.), 0-05M THAM buffer, pH 7-7, and liver extract (dialysed 40 hr. and kept at 530 for 20 min.) in a total volume of 2-50 ml.
The complete system contained 1-5 x 10-4M PGA and 0 20 ml. yeast extract, and 0 01M L-ascorbic acid was also present in each case in Expt. 1. Yeast extract and ascorbic acid were, however, unnecessary for full activity ( yields of formaldehyde from serine must be accounted for on other grounds besides the loss of formaldehyde by reaction with protein or by oxidation. One possibility investigated is that the formaldehyde formed during the enzymic breakdown of serine is a secondary product arising by reduction of formate produced in the breakdown of serine. It was found, however, that no reduction of formate to formaldehyde occurs under the experimental conditions. The low yields of formaldehyde may be due to side reactions ofthe 'active formaldehyde' formed from serine with other constituents of the relatively crude enzyme preparations used. The yields of formaldehyde are sufficiently high to permit the conclusion that it is probably the main product of the hydroxymethyl group of serine under the experimental conditions. Synthesis of serine from glycine and formaldehyde in liver extracts Suitably supplemented liver extracts rapidly synthesized [2-14C]serine from [2_14C]glycine and formaldehyde as shown in Table 4 , where a synthesis of about 12 pumoles of serine/ml. reaction solution in 6 hr. is indicated. The formation of serine from glycine was also demonstrated by paper chromatography of portions of the reaction solutions removed before addition of carrier serine. As the results of Table 4 indicate, formate was unable to replace formaldehyde for serine synthesis.
Similar results on serine synthesis were obtained when glycine and H14CHO or H14COOH were incubated with supplemented liver extracts (Table  5 ). There was a rapid synthesis of [3-14C]serine from glycine and H14CHO, but none from glycine and H14COOH. Addition of ascorbic acid, homocysteine, yeast extract and PGA, singly and in various combinations, did not initiate serine synthesis from glycine and formate in the presence of either crude or heated (530) liver extract, even when synthesis from glycine and formaldehyde was rapid.
Role of yeast extract and PGA in [2-14C]serine formtion froM L-serine and [2-14C]glycine As the results in Tables 1 and 2 indicate, the formation of [2-14C]serine from [2-14C]glycine and Lserine in the presence of pigeon-liver enzymes was substantially increased when the enzyme preparation was supplemented with PGA in catalytic amounts and also with a boiled yeast extract. A liver extract made by boiling a minced fresh pigeon liver with twice its weight of water for a few minutes produced an effect similar to that of the yeast extract. Yeast extract alone produced negligible activation of the enzyme, and PGA alone produced only slight activation compared with its effect when yeast extract was also present. The rate of [2-14C]serine formation by undialysed liver preparations is high even in the absence of added PGA or yeast extract, and addition of these factors produces only a slight increase in rate, but the requirement for PGA and yeast extract is marked after dialysis of the liver extracts, and is greatest 29-2 VoI. 58 (Lascelles & Woods, 1950) and homocysteine (Deodhar & Sakami, 1953 Table 6 .
No activating effect was shown under any of the conditions employed to study serine-glycine interconversion by pyridoxal phosphate (10-3 to 10-4 M), cobalamin (20 ,ug./ml.) or homocysteine (10-2 to 10-3M). Homocysteine failed to activate enzyme preparations for the synthesis of [14C]serine from [2-14C]glycine and L-serine (Table 6) or from [2-14C]-glycine and formaldehyde or formate (Table 5) , despite several repetitions of these experiments.
Investigation of the activating effect of boiled yeast extract on the otherwise complete enzyme system for [2-14C]serine synthesis from [2-14C]-glycine and L-serine revealed that ATP in low concentrations produced an activation similar to, although smaller than, that of yeast extract (Table 6 ). Addition of both ATP and yeast extract to the otherwise complete system produced only the same activation as yeast extract alone. A preparation of adenosine tetraphosphate (Marrian, 1953) produced a similar effect to that of ATP, while commercial preparations of adenosine diphosphoric acid (ADP) and adenosine monophosphoric acid (AMP) produced smaller effects. Diphosphopyridine nucleotide (DPN) and triphosphopyridine nucleotide (TPN) in combination with ATP produced greater activation than ATP alone. In some cases a combination ofATP and DPN (50 % purity) equalled or surpassed yeast extract in its activating effect (Table 6 ). The activating effect of DPN of 83 % purity was somewhat lower but still significant.
Among cofactors which were tested and found inactive in the system were the following: coenzyme III, glutamic acid, N-formylglutamic acid, coenzyme A. None of the divalent cations tested produced any effect with the exception of the cupric ion, which was strongly inhibitory. Ethylenedi (Table 7) .
Since this activating effect of ascorbic acid is presumably due to its reducing properties the effect of oxygen was investigated. Synthesis of [2-_4C]serine under an oxygen atmosphere was considerably lower than in evacuated vessels, and this in turn was lower than under a nitrogen atmosphere (Table 7) .
Effect of PGA and other cofactor8 on net 8erine 8ynthe8i8 and breakdown The activating effects reported above were obtained in well-dialysed liver extracts catalysing [2-14C]serine synthesis from [2-14C]glycine and Lserine, with little net synthesis or breakdown of serine. It was found that well-dialysed enzyme preparations are also activated consistently by PGA for catalysis ofnet serine synthesis from glycine and formaldehyde and of net serine breakdown to glycine and formaldehyde. It may be seen from Table 8 that the activating effects of PGA in these cases are just as great as that on [2-14C]serine synthesis from [2-14C]glycine and L-serine. In contrast to this consistent effect of PGA, it was found that yeast extract, ATP, DPN and ascorbic acid produce only slight effects, or none, on the net synthesis of serine from glycine and formaldehyde and on net serine breakdown (Table 8 ). The reason for this is discussed later.
Effect of leucovorin on 8erine-glycine interconversion
The fact that both PGA and yeast extract are required to activate well-dialysed liver enzyme preparations for the synthesis of [2-_4C]serine from [2-14C]glycine and L-serine may be interpreted as indicating the enzymic conversion, in the presence of ATP and DPN or yeast extract and ascorbic acid, of PGA into a derivative which is catalytically active in the serine-glycine interconversion. Since leucovorin (5-formyl-5:6:7:8-tetrahydroPGA) (V) has been suggested as the PGA derivative catalytically active in enzymic transfers of one-carbon units or as representing the derivative more closely than PGA itself (see, for example, Jukes, 1953) , it was tested for activation of the systems here investigated. than by equivalent amounts of PGA, whereas leucovorin should be more effective than PGA if it were identical with the coenzyme or represented it more closely than PGA. A further fact unfavourable to the concept of leucovorin as coenzyme is the fact that during incubation of PGA with yeast extract and the liver enzyme preparation there is negligible synthesis of leucovorin as determined by microbiological assays. Assay with Leuconostoc citrovorum indicated the presence of active material equivalent to only 0.1 % of the PGA present as assayed by Lactobacillu8 ca8ei and Strep. faecali8 R. Dialysed liver enzyme preparations which had been kept at 530 for 20 min. before removal of suspended material by centrifuging were activated to a much smaller extent by leucovorin than by PGA (Table 9 ). Heating the enzyme preparation to 530 therefore appeared largely to inactivate an enzyme converting leucovorin into the coenzyme. With such heated preparations leucovorin produces only slight activation not only for synthesis of [2-14C]_ serine from [2_14C]glycine and L-serine, but also for serine breakdown (Table 9, Expt. 2). In all cases PGA produces as great a stimulation with heated as with unheated enzyme. These results constitute further evidence against leucovorin itself being the coenzyme in serine-glycine interconversion. Activating effects of other PGA derivatives on serine-glycine interconversion Since leucovorin does not appear to be the PGA derivative active as a coenzyme in these reactions, other PGA derivatives were tested for activating effects. The results appear in Table 10 . Of the compounds tested, the only one consistently surpassing PGA in its activating effect on serine-glycine interconversion was tetrahydroPGA (IV). While N10-formyltetrahydroPGA (III) was more effective than PGA in stimulating [2-14C]serine synthesis from [2-14C]glycine and serine in absence of yeast extract, N'0-formylPGA (II) and its tetrahydro derivative were considerably less effective than PGA when yeast extract was present in the system. A preparation of N10-formyl-tetrahydroPGA which had been briefly aerated in an attempt'to produce N10-formyldihydroPGA, acted similarly to the untreated N10-formyltetrahydroPGA in stimulating [2-14C]serine synthesis. In a single experiment not recorded in Table 10 , teropterin (sodium pteroyltriglutamate) showed an activating effect very similar to that of PGA.
In the absence of yeast extract tetrahydroPGA was by far the most active compound, its activating effect being as great as, or greater than, that of PGA in the presence of yeast extract on [2-14C] Experiments by previous investigators on the toxicity of 4-aminoPGA for intact animals indicate that its effect is primarily due to inhibition of the reduction of PGA in the animal body (Nichol & Welch, 1950; Jukes, 1953) . If, as the results reported above appear to indicate, PGA is enzymically reduced before becoming catalytically active in the systems here employed, 4-aminoPGA should inhibit [2-14C]serine synthesis when PGA and yeast extract are added to activate the enzyme system, but not when tetrahydroPGA and possibly other reduced PGA derivatives are used. Results of experiments designed to test whether this is the case are shown in Table 11 .
There is a strong inhibition of [2-_4C]serine synthesis when PGA and yeast extract, or N10-formylPGA and yeast extract, are used as activators. In these experiments, doubling the concentration of PGA did not reverse the inhibition. In the presence of tetrahydroPGA or leucovorin as activators inhibition is slight, however, and is reversed by increasing the concentration of leuco- (4) and (5), however, 'active formaldehyde' rather than the free substance may participate.
The rate of reactions (1) to (5) was rapid in the presence of the enzyme system. In a 6 hr. period up to 71 jamoles of serine were synthesized from glycine and formaldehyde (Table 10) , and up to 29 ,umoles of L-serine broken down to glycine (Table 3) . These amounts correspond to 14,umoles of serine synthesized/ml. of reaction medium and 12 umoles of serine broken down to glycine/ml. of reaction medium. The initial rates are certainly considerably higher than these, since after a few hours the reaction is approaching the equilibrium state where synthesis and breakdown of serine are occurring at similar rates. Comparison of the above rates of breakdown and synthesis indicates that under these similar (though not identical) conditions the rates were nearly the same.
Soluble liver enzyme preparations used in these experiments did not catalyse the incorporation of C-2 of glycine into C-3 of serine reported to occur in intact rats (Sakami, 1949) , and even in similar unrecorded experiments with liver homogenates incorporation of 14C into C-3 of serine did not exceed 20 % of the simultaneous incorporation into serine C-2. These observations are consistent with the evidence presented by Arnstein & Neuberger (1953) that the conversion of glycine C-2 into serine C-3 in vivo is a function of the glycine content of the diet and is presumably a subsidiary mechanism to deal with excessive amounts of glycine.
Formaldehyde and formate a8 8erine precur8or8 Under conditions where there is a rapid synthesis of serine from glycine and formaldehyde by the liver enzyme preparation, synthesis from glycine and formate is not significant (Tables 4 and 5 Berg (1951) . The significance of the experiments of these authors is doubtful, however, since they were performed with liver slices where permeability barriers and the occurrence of some of the relevant reactions at localized sites in subcellular particles preclude free mixing of radioactive formate and formaldehyde with unlabelled material. The rapidity with which formaldehyde is incorporated into serine suggests, however, that formaldehyde may be more closely related to the immediate precursors of C-3 of serine than is formate. A similar conclusion has also been reached by Mitoma & Greenberg (1952) , who found that the methyl group of sarcosine is also a good precursor of serine C-3, via an intermediate closely related to formaldehyde.
The reactive nature of formaldehyde and its inhibitory effect on some enzyme systems make it unlikely as a normal enzyme substrate, though the reactions studied in this investigation do not appear to be adversely affected by formaldehyde even in relatively high concentrations. On the other hand, liver slices form formaldehyde from the methyl groups ofsarcosine, methionine, choline and betaine, from C-2 of glycine and C-3 of serine (Siekevitz & Greenberg, 1950; Mackenzie, 1950) The exclusion of oxygen during the reaction increases the rate of [2-14C]serine synthesis. This, together with the above facts, suggests that the yeast extract, ATP, DPN and ascorbic acid all participate in an essential reduction step, probably the enzymic reduction of PGA to a derivative catalytically active in the serine-glycine interconversion. The accumulation of an essential catalyst is also suggested by the manner in which the rate of synthesis of [2-14C]serine from [2-14C]-glycine and L-serine increases with time. When PGA and yeast extract are used as activators, serine labelling is initially very slow and there is a considerable lag period before it attains its maximum rate (Fig. 2) . Nichol (1952) has previously reported an enzymic reduction of PGA in liver extracts which is increased by ascorbic acid, and the occurrence of this reaction as a necessary preliminary to serine-glycine interconversion seems to explain the results satisfactorily.
Net synthesis ofserine from glycine and formaldehyde and the breakdown of serine with accumulation of glycine and formaldehyde are not appreciably affected by the addition to the medium of yeast extract, ATP, DPN or ascorbic acid, the addition of PGA alone being sufficient for full activation of dialysed enzymes for these reactions. This is most plausibly explained by assuming that formaldehyde, added as substrate or accumulated by the initial slow breakdown of serine, can participate in the postulated enzymic reduction of PGA.
Nature of the coenzyme In view of the evidence for an enzymic reduction of PGA to a catalytically active derivative, it is not surprising that tetrahydroPGA proved the most active of the PGA derivatives tested in stimulating serine synthesis and breakdown (Table 10) . Under conditions where PGA and all its other derivatives tested require the presence of yeast extract to effect maximum reactivation of dialysed enzyme preparations, tetrahydroPGA produced maximum reactivation in absence of yeast extract. When the enzyme preparation is activated by tetrahydroPGA the rate of serine labelling is initially high and there is no initial lag such as occurs when the enzyme is activated with PGA and yeast extract (Fig. 2) . The activating effect of PGA and its other derivatives is therefore presumably due to their conversion into tetrahydroPGA in the presence of yeast extract or ATP and DPN, ascorbic acid and the enzyme preparation.
Enzymic reduction of PGA is inhibited in the intact animal by administration of 4-aminoPGA (Nichol & Welch, 1950) . In accordance with this, 4-aminoPGA added to the enzyme system strongly inhibited serine-glycine interconversion when it was dependent on production of tetrahydroPGA from PGA and yeast extract, but only slightly when tetrahydroPGA was added directly to the enzyme system. A moderate inhibition of serine-glycine interconversion by 4-aminoPGA occurred when the enzyme system was supplemented with N10-formyltetrahydroPGA. This suggests that N10-formyltetrahydroPGA may be converted into tetrahydroPGA at least partly by a pathway not involving PGA. Leucovorin is converted into tetrahydroPGA by a pathway not involving PGA, since in its presence 4-aminoPGA is only slightly inhibitory. Leucovorin is not itself the catalytic derivative of PGA, since it is less effective than tetrahydroPGA for activating the dialysed enzyme and requires the simultaneous addition of yeast extract to produce activation. Furthermore, after heating the dialysed enzyme preparation to 530 for 20 min., leucovorin is able to reactivate it to only a small extent even in the presence of yeast extract, whereas tetrahydroPGA reactivates it just as readily as before heating. Leucovorin is therefore converted into tetrahydroPGA by an enzyme sensitive to slightly elevated temperatures.
The activating effect of tetrahydroPGA is presumably due to enzymic combination of tetrahydroPGA with formaldehyde to form a reactive intermediate, which in turn may react with glycine to form serine and regenerate tetrahydroPGA. A possible structure for the intermediate (suggested by Dr A. Neuberger, F.R.S.) is the tetrahydroPGA derivative (VI), in which a tetrahydroglyoxaline ring is formed by condensing formaldehyde with the amine groups of the N5-and N'0-positions of tetrahydroPGA. Crystalline tetrahydroPGA derivatives of this type, containing a glyoxaline or tetrahydroglyoxaline ring, have been produced by acid degradation of leucovorin (Cosulich, Roth, Smith, Hulquist & Parker, 1951) . Alternatively, the intermediate may have the structure N5-hydroxymethyltetrahydroPGA, though the greater coenzyme effect of N'0-formyltetrahydroPGA than leucovorin (Table 10 ) and the probably greater instability of the N5-hydroxymethyltetrahydro-PGA are less consistent with this view.
The activating effect of leucovorin on unheated dialysed enzyme preparations can be readily explained in terms of its enzymic reduction to the postulated tetrahydroglyoxaline intermediate, and the occurrence of such a rapid transformation would account for the effectiveness of leucovorin in overcoming the toxic effect of 4-aminoPGA in vivo, since it bypasses tetrahydroPGA formation from PGA. TetrahydroPGA has only about one-third the activity of leucovorin in reversing the toxicity of 4-aminoPGA for mice, and about 0-025 the growthpromoting activity of leucovorin for Ln. citrovorum (Broquist, Fahrenbach, Brockman, Stockstad & Jukes, 1951) . This low activity of tetrahydroPGA in vivo compared with leucovorin may be explained by the fact that, while tetrahydroPGA is readily oxidized, leucovorin is stabilized by its N5-formyl group against attack by oxygen.
The concentrations of PGA and tetrahydroPGA employed in these experiments (about 10-4M) are very much higher than the concentration of PGA or leucovorin required to promote optimum growth of micro-organisms dependent upon them for growth. At concentrations below 10-4M PGA causes slower enzymic serine-glycine interconversion (Fig. 1) . The high concentration of PGA necessary under these conditions is presumably due to the necessity for its conversion into tetrahydro-PGA prior to catalysing the serine-glycine reaction. Determination of the concentration of tetrahydro-PGA required for maximum serine-glycine interconversion has been hindered by the difficulty of preventing re-oxidation at very low concentrations and the impurity of the enzyme at present employed. It will be the subject of further investigations with a purified enzyme.
Besides its reaction with glycine to give serine, the reactive intermediate must be capable of hydrolysis to formaldehyde and tetrahydroPGA. This is evident from the fact that during net serine breakdown, formaldehyde is produced and the intermediate regenerated so that it acts catalytically. (Table 3) . From this it may be inferred that the reaction of the intermediate with glycine to give serine is somewhat faster than its reaction with water to give formaldehyde. The scheme proposed need not be inconsistent with the observation of Elwyn, Weissbach & Sprinson (1951) that the conversion of C-3 of serine into labile methyl groups occurs without the loss of the carbon-bound hydrogen atoms.
These postulated relationships ofPGA derivatives to the serine-glycine interconversion are represented diagrammatically on p. 460. Among cofactors tested and found inactive in these experiments is pyridoxal phosphate, despite the fact that this compound stimulates serine synthesis by washed cells of Strep. faecal8 R and enables Ln. mreenteroide8 to grow on glycine instead of serine, provided a C02-rich atmosphere is used (Lascelles & Woods, 1950) . The indifference of serine synthesis in liver extracts to addition of pyridoxal phosphate may be due to the presence of closely bound pyridoxal phosphate in the enzyme preparation, in the same way that the presence of bound pyridoxal phosphate in some transaminase Berg, 1953) . This has been interpreparation obviates the need to activate them preted as indicating that homocysteine has a with added pyridoxal phosphate (O'Kane & catalytic role in one-carbon transfer, for example, by Gunsalus, 1947) . forming a reactive thio-ether (Berg, 1953) . It has Homocysteine has been reported to produce con-been found in the present work, however, that siderable activation of the incorporation of labelled homocysteine is inactive or inhibitory in the formate into serine in liver extracts (Deodhar & 6. For net serine synthesis from glycine and formaldehyde and for net serine degradation to glycine and formaldehyde, dialysed enzyme preparations are fully activated by the addition of PGA alone.
7. The effect ofleucovorin (N5-formyltetrahydro-PGA) in activating the crude dialysed enzyme for [2-14C]serine formation from [2-14C]glycine and Lserine is similar to that of PGA; simultaneous addition of yeast extract is necessary for full activation. Heating dialysed enzyme preparations to 530 does not diminish their activity when supplemented by PGA and yeast extract, but activity in presence of leucovorin is decreased to 10-20 % of its former value.
8. Of the PGA derivatives tested, tetrahydro-PGA is the most effective in activating dialysed enzyme for serine-glycine interconversion, and it activates without addition of yeast extract or other factors. Moreover, serine-glycine interconversion catalysed by the enzyme and tetrahydroPGA commences at a high rate, but when PGA and yeast extract activate the enzyme there is a lag of over an hour before appreciable serine-glycine interconversion occurs. During this period enzymic reduction of PGA to tetrahydroPGA is believed to occur.
9. 4-AminoPGA inhibits serine-glycine interconversion when the enzyme preparation is supplemented with PGA or NL0-formylPGA, but only slightly when leucovorin or tetrahydroPGA are added as supplements.
10. The significance of these results is discussed and a scheme describing the role of PGA derivatives in one-carbon metabolism proposed, in which it is suggested that tetrahydroPGA plays a central part in the transfer on one-carbon units.
